A cDNA encoding an O-methyltransferase (OMT) was isolated from salt-tolerant barley roots by subtraction hybridization with cDNAs of salt-tolerant barley roots as a tester cDNA and cDNAs of the salt-sensitive barley roots as a driver cDNA. The deduced amino acid sequence showed signiˆcant identity with plant caŠeic acid W 5-hydroxyferulic acid OMTs. Southern blot analysis showed that the OMT gene was a single copy in both salt-tolerant and -sensitive barley. The cloned gene was expressed in a wheat germ cell-free system to produce the OMT, which had methylating activity for caŠeic acid. Northern blot analysis showed that the OMT gene was expressed constitutively in the salt-tolerant barley roots and the expression level was increased 1.5 times by salt stress, but the salt-sensitive barley showed no expression of the gene in roots and leaves.
A cDNA encoding an O-methyltransferase (OMT) was isolated from salt-tolerant barley roots by subtraction hybridization with cDNAs of salt-tolerant barley roots as a tester cDNA and cDNAs of the salt-sensitive barley roots as a driver cDNA. The deduced amino acid sequence showed signiˆcant identity with plant caŠeic acid W 5-hydroxyferulic acid OMTs. Southern blot analysis showed that the OMT gene was a single copy in both salt-tolerant and -sensitive barley. The cloned gene was expressed in a wheat germ cell-free system to produce the OMT, which had methylating activity for caŠeic acid. Northern blot analysis showed that the OMT gene was expressed constitutively in the salt-tolerant barley roots and the expression level was increased 1.5 times by salt stress, but the salt-sensitive barley showed no expression of the gene in roots and leaves.
Key words: Hordeum vulgare L.; O-methyltransferase; subtraction hybridization; salt stress; root Salt stress is one of the major limiting factors of plant growth and productivity. 1, 2) In order to understand the plant response and tolerance mechanism to salt stress, genes that are induced in plants exposed to salt stress have been isolated. [3] [4] [5] However, it is important to conˆrm the type of the stress-inducible genes, whether the gene product functions in stress tolerance or the gene is just induced without contributing to stress tolerance. The evaluation of the gene, whether there is preferential expression in the stress-tolerant plants rather than stress-sensitive plants, is necessary to identify the gene which may play role in conferring stress tolerance on plants.
We did a subtraction hybridization with mRNAs prepared from salt-tolerant and -sensitive barley roots and isolated several cDNA clones of which the genes are expressed preferentially in the salt-tolerant barley. One of the genes showed signiˆcant identity with plant O-methyltranserases (OMTs), which transfer the methyl group of S-adenosyl-L-methionine to the hydroxyl group of an acceptor molecule.
6)
O-Methylated ‰avonoids and derivatives play an important role not only in plant growth but also in interactions with environmental factors as regulators of auxin transport, signal molecules in plant-symbiont interactions, and precursors of phytoalexins. [7] [8] [9] [10] [11] The OMT gene from barley was induced by fungal pathogens and UV light 12) and the gene from ice plant is highly expressed under the exposure to salt stress. 13) These results led us to expect that the OMT would function in protecting cells from environmental stresses in plants. Here, we report the characterization and expression of the OMT gene in salt-tolerant barley.
Materials and Methods
Plant materials and growth conditions. Seeds of the most salt-tolerant barley ( Hordeum vulgare L.), OUK305, and the most salt-sensitive barley, OUI743, in the barley germplasm collection from various parts of the world preserved in the Barley Germplasm Center, Okayama University, 14) were germinated and cultured in a hydroponic solution which consists of 4 mM KNO3, 1 mM NaH2PO4, 1 mM MgSO4, 1 mM CaCl2, and 1 mg W ml Fe-citrate, pH 5.5. 15) For salt treatment, plants were transferred to a culture solution containing 100 mM NaCl. After 12 h of incubation, the roots and leaves were harvested, frozen in liquid nitrogen, and stored at "809 C.
DNA, RNA, and cDNA preparation. Genomic DNA was isolated from leaves of barley by the method of Fang et al. 16) Isolated DNA was dissolved in 10 mM Tris-HCl (pH 8) containing 1 mM EDTA and 2.5 M NaCl, and precipitated by ethanol to remove polysaccharide. The DNA pellet was washed twice with 75z ethanol and dissolved in 10 mM TrisHCl (pH 8) containing 1 mM EDTA. Total RNA was isolated by the guanidium isothiocyanate method and poly(A) ＋ RNA was separated from total RNA with Dynabeads Oligo(dT)25 (Dynal). Poly(A)
＋ RNA was reverse-transcribed and ampliˆed using the SMART PCR cDNA Synthesis Kit (Clontech). The reaction mixture was ampliˆed with the``PCR primer'' supplied in the kit according to the manufacturer's instructions.
Southern and northern hybridization. Ten mg of genomic DNA digested separately with EcoRI and HindIII, and 1 mg of cDNA for northern blotting was electrophoresed on 0.8z and 1z agarose gels, respectively, and transferred onto Hybond-N ＋ nylon membrane (Amersham Biosciences). The membrane was hybridized with a fragment of the OMT cDNA labeled with digoxigenin-11-dUTP using a PCR DIG Labeling Kit (Boehringer Mannheim) with primers 5?-TGAGTGCGCAGACGGGAGCCTGTCC-3? and 5?-GGTGTACTCCATTGCCCAGAAGTTC-GC-3?. Hybridization was done for 16 h at 429 C in 50z formamide, 5×SSC, 0.25z non-fat milk powder, 0.1z SDS, and 5×Denhardt's reagent. The membrane was washed twice with 1×SSC and 0.1z SDS at room temperature, and twice with 0.1×SSC and 0.1z SDS at 689 C. A cDNA fragment of barley a-tubulin of about 1300 bp was ampliˆed with the primers 5?-ATGAGGGAGTGCATCTCGATCCA-CATC-3? and 5?-CCATCGTCGAACTCAGCACC-AACTTCT-3?, for the control.
Subtraction hybridization and generation of subtracted library. Subtraction hybridization [17] [18] [19] was done using the PCR-Selected cDNA Subtraction Kit (Clontech). Tester and driver cDNAs were prepared from total RNAs isolated from roots of OUK305 and OUI743, respectively, and exposed to 100 mM NaCl for 12 h. The enriched cDNA fragments were cloned into a pGEM-T vector (Promega) and used to transform Escherichia. coli XL1-Blue cells. Colonies were hybridized with the driver cDNA labeled with digoxigenin-11-dUTP as described above, and colonies displaying reduced signals were selected as the OUK305 subtracted library.
RACE-PCR.
The primers for 3?-and 5?-RACE PCR, 5?-TACAGGCGTCAAGGCCAGCTACAT-CT-3? and 5?-GGCTAGCTTCTCGAAGTCCCTG-AGGT-3?, respectively, were synthesized on the basis of the sequence of the gene fragment isolated from the subtracted library. RACE-PCR was done on the cDNA, and the PCR products were cloned in a pGEM-T vector (Promega). The nucleotide sequence on both strands was analyzed by using a BigDye Thermal Cycle Sequencing FS Ready Reaction Kit (Applied Biosystems) with a series of synthetic primers.
Gene expression.
An open reading frame of the cDNA was ampliˆed by PCR with primers, 5?-TA GAGCTCCGGCGTCATGGCCAACGAG-3? and 5?-AGGGGCCCGTAGAAGTGATAGATCAC-3?, which create a SacI site and a SmaI site (indicated by an underline), respectively. PCR products were sucloned in the pGEM-T vector and sequenced. SacISmaI fragments were cut out and subcloned in a pEU3-NII vector (Toyobo), which is under control of the T7 promoter. mRNA was synthesized with the T7 RNA polymerase and expressed in a wheat germ cellfree protein synthesis system (PROTEIOS, Toyobo). To measure the protein synthesis, the reaction mixture containing L-[U-
14 C]leucine (Amersham Biosciences) and Sub23 mRNA prepared by the batch method as described in the munufacturer's instruction was incubated at 259 C for 3 h and analyzed by 15z SDS-polyacrylamide gel electrophoresis. 20) The gel was stained with Coomassie brilliant blue R-250, dried, and used to expose an X-rayˆlm at "809 C for one week. For the analysis of enzyme activity, the reaction mixture prepared by the diŠusion method 21) was incubated at 259 C for 24 h. The reaction mixture was dialyzed with 50 mM Tris-HCl (pH 7.5) containing 0.2 mM MgCl2 and 100 mM KCl at 49 C overnight.
Enzyme and protein assay. OMT activity was assayed by the method of Lee et al. 22) An enzyme solution prepared by the diŠusion method of the wheat germ system was incubated with S-adenosyl-L-[methyl-
14 C]methionine (Amersham Biosciences) and caŠeic acid at 379 C for 1 h. OMT activity was calculated as pmol of methyl group transferred to substrate per min per mg of protein. Protein was measured by the method of Bradford 23) with bovine serum albumin as the standard.
Chromosomal mapping of OMT gene. A molecular map of OMT gene was constructed on the``Steptoe'' W ''Morex'' doubled haploid population developed by the North American Barley Genome Mapping Project (NABGMP). One hundred andˆfty doubled haploid lines were produced from the cross`S teptoe'' W ''Morex'' using the Hordeum bulbosum technique described by Chen and Hayes. 24) DNA was digested with 6 restriction enzymes (BamHI, Bgl II, DraI, EcoRV, HindIII, and XbaI) individually and 3 mg per lane was used to make a mappingˆlter. The marker set for the``Streptoe'' W ''Morex'' map was obtained from the GrainGenes database, http://wheat.pw.usda.gov W ggpages W maps.html #barley. A subset of 223 markers was selected to reconstruct a map with a target gene by using MAPMAKER 3.0. The alignments were generated by the CLUSTAL W algorithm. Gaps, indicated by a dash, are introduced in the sequences to maximize the homology. Identical amino acid residues among plant OMTs are represented by reversal letters. The amino acid sequences of OMT consensus regions (I, II, III, IV, V) are boxed and S-adenosyl-L-methionine binding residues are indicated by an arrowhead. Loli, caŠeic acid OMT from L. perenne (AF033539); Nico, catechol OMT from N. tabacum (X74453); Copt, scoulerine OMT from C. japonica (D29809); JRG5, caŠeic acid OMT from H. vulgare (U54767); Pisu, hydroxymaackiain OMT from P. sativa (U69554); HVOMET, ‰avonoid OMT from H. vulgare (X77467).
Computer analysis. A homology search and alignment of amino acid sequences were done with the BLAST program 26, 27) and the CLUSTAL W algorithm, 28) and DendroMaker for Macintosh using the network service at the National Institute of Genetics, Mishima, Japan (http:/ /www.ddbj.nig.ac. jp W Welcome.html).
Results
Identiˆcation of OMT cDNA A total of 1000 clones from the subtraction library, which were constructed with cDNAs of OUK305 as a tester cDNA and OUI743 as a driver cDNA, were hybridized with total cDNAs of OUI743 roots treated by NaCl, and negative clones were hybridized with The phylogenetic tree shown as a dendrogram was prepared using by the CLUSTAL W algorithm and DendroMaker for Macintosh. the cDNAs again, resulting in 74 clones which showed negative signals being obtained. The nucleotide sequences of the insert cDNA fragments showed that 24 of the 74 fragments had signiˆcant identities to plant OMT genes and 18 and 6 of the 24 fragments had one of the two same sequences, of which the lengths were 114 and 169 bp, respectively. To obtain the complete nucleotide sequence of the gene, 3?-and 5?-RACE cDNA fragments were ampliˆed by RACE-PCR with the speciˆc primers on the basis of the 114-bp fragment sequence and cDNA synthesized from the roots of OUK305 treated by NaCl. The resulting nucleotide sequence, except for the poly(A) sequence, is 1370 bp in length and contains the 169-bp fragment sequence and an open reading frame encoding a polypeptide of 352 amino acid residues with a calculated molecular mass of 38.2 kDa. Figure 1 illustrates the alignment of barley OMTs and representative plant OMTs. The deduced amino acid sequence of the cDNA showed 79, 55, 42, 39, 26, and 21z identities with caŠeic acid OMT from Lolium perenne (accession number: AF033539), catechol OMT from Nicotiana tabacum (accession number: X74453), caŠeic acid OMT from H. vulgare (accession number: U54767), scoulerine OMT from Coptis japonica (accession number: D29809), hydroxymaackiain OMT from Pisum sativa (accession number: U69554), and ‰avonoid OMT from H. vulgare (accession number: X77467), respectively. Onˆve consensus regions (I-V) comprising 36 amino acid residues among the majority of plant OMTs, 29, 30) 32 of 36 amino acid residues are conserved in the amino acid sequence of the deduced protein. Furthermore, amino acid residues on the position of S-adenosyl-L-methionine binding 31) are well-conserved in the sequence (Fig. 1) . A phylogenetical tree showed three main branches (scoulerine OMT branch, caŠeic acid W catechol OMT branch, hydroxymaackiain W ‰avonoid OMT branch), and the deduced amino acid sequence belongs to the caŠeic acid W catechol OMT branch (Fig. 2) . The deduced amino acid sequence showed high identities with those of plant caŠeic acid W 5-hydroxyferulic acid OMTs, indicating that the gene, designated as Sub23, encodes a caŠeic acid W 5-hydroxyferulic acid OMT.
Expression of the Sub23 gene
The mRNA synthesized from the Sub23 gene was translated in a wheat germ cell-free protein synthesis system. The result showed that an extra protein with a molecular mass of 36 kDa, which is similar to that calculated from the amino acid sequence, was produced (Fig. 3) . The enzyme activity of the solution prepared from Sub23 mRNA was 20 pmol W min W mg, while the background was 4.6 pmol W min W mg.
Southern blot analysis
Southern blot analysis was done on OUK305 and OUI743 genomic DNAs digested with EcoRI and HindIII, respectively (Fig. 4) . There is a HindIII site within the cDNA of Sub23 and the longer fragment was used as a probe. A single strongly hybridizing band and a minor hybridizing band were observed in all lanes of OUK305 and OUI743 under high washing stringency conditions. This result indicates that the Sub23 gene is present as a single-copy gene and there is a very closely related gene in OUK305 and OUI743. and -sensitive Barley OUI743 Genomic DNAs. Genomic DNA digested with EcoRI and HindIII, respectively, was separated by a 0.8z agarose gel and hybridized with a fragment of Sub23 cDNA. 1, OUK305 digested with EcoRI; 2, OUK305 digested with HindIII; 3, OUI743 digested with EcoRI; 4, OUI743 digested with HindIII.
Fig. 5. Expression Proˆles of Sub23 Gene in the Salt-tolerant
Barley OUK305 and -sensitive Barley OUI743 Exposed to NaCl. One mg of each cDNA sample prepared from roots (A) or leaves (B) of OUK305 and OUI743 exposed to NaCl for 0 and 12 h were electrophoresed on 1z agarose gel and transferred onto a nylon membrane. The membrane was hybridized with a fragment of Sub23 cDNA. The blot of the root sample was stripped and hybridized with an a-tubulin cDNA as a control. 
DiŠerential expression of the Sub23 gene
The diŠerential expression of the Sub23 gene was analyzed by northern blotting with the cDNA of Sub23 as a probe (Fig. 5) . Our northern blot detected a single 1.4-kb band in the OUK305 roots by both 0 and 12 h NaCl treatment. In OUK305 roots exposed to NaCl for 12 h, densitometry indicated that the OMT mRNA level in total RNA was increased about 1.5 times when compared to OUK305 roots before exposing to the stressful conditions, but the a-tubulin mRNA level, which is not regulated by salt-stress in the roots of rice and barley, 32, 33) in the OUK305 roots exposed to NaCl was the same as that before NaCl treatment. A faint hybridizing band was observed in OUI743 RNA that was exposed to NaCl for 12 h. No band was detected in leaves of OUK305 and OUI743 before or after NaCl treatment.
Chromosomal assignment of the Sub23 gene Barley chromosome genetic mapping was done with a population of doubled haploid lines developed from the``Steptoe'' W ''Morex'' cross. The Sub23 gene is positioned on chromosome 1H between Ica1 and ABG500A (Fig. 6 ).
Discussion
The transcript of the Sub23 gene isolated from roots of a salt-tolerant barley showed signiˆcant similarity with plant OMTs that catalyze the methylation of the lignin precursors, caŠeic acid and 5-hydroxyferulic acid. 30) Plant OMT cDNAs have been classiˆed intoˆve groups by the alignment analysis of the deduced amino acid sequences, 30) and the Sub23 protein had methylating activity for caŠeic acid, indicating that Sub23 cDNA belongs to Group I (lignin methylation). Two kinds of OMT genes, JRG5 and HVOMET, which are induced by methyl jasmonate 22) and by fungal pathogens and UV light, 12) respectively, have been isolated from barley, and JRG5 cDNA is classiˆed into Group I, the same as Sub23 cDNA, while HVOMET cDNA is Group II (‰avonoid methylation). 30) Both Sub23 and JRG5 protein showed the methylating activity for caŠeic acid, however, the similarity of Sub23 protein to JRG5 protein (41z) is lower than those to other Group I OMTs (79z to caŠeic acid OMT from L. perenne and 55z to catechol OMT from N. tabacum), and the nucleotide sequence of Sub23 in the open reading frame region showed 53z identity to that of JRG5. Both Sub23 and JRG5 genes were mapped on chromosome 1H, 34) however, the position of the Sub23 gene, mapped between Ica1 and ABG500A, is diŠerent from that of JRG5 gene, mapped between ABG500A and ABG452. 35) These results show that Sub23 gene is diŠerent from other known barley OMT genes. Our southern hybridization analysis detected a minor hybridization band in both OUK305 and OUI743 genomic DNAs, suggesting that there are other OMT-homologues in the barley genome other than Sub23.
The synthesis of phenylpropanoids and ‰avonoids, which are O-methylated by OMT, increases in plants in the presence of pathogens or phytoalexines, 36, 37) suggesting that the mRNA level of OMT increases in response to environmental stress. It has been reported that a HVOMET transcript was induced in pathogen-and UV light-treated barley, but not observed in unstressed barley roots. 12) A JRG5 transcript was found in unstressed barley leaf sheath and induced in methyl jasmomate-treated barley leaves, but not detected after treatment with salicylic acid, sorbitol, NaCl, desiccation, cold stress, or heat stress. 22) Our result showed that Sub23 was expressed constitutively and the level was increased about 1.5 times by salt stress in the salt-tolerant barley roots, but not observed in salt-stressed or unstressed leaves. These results suggest that the OMT gene is responsible for barley defense against environmental stress, while organs in which the gene is expressed and environmental factors by which the gene is induced are diŠerent among the three barley OMT genes.
OMT is one of the essential enzymes for lignin biosynthesis.
11) The induction of an OMT gene by wounding or pathogen invasion suggests the deposition of lignin that provides a barrier for protection of tissues from damage. In this study we showed the constitutive expression and induction of the OMT gene by salt stress in the salt-tolerant barley. The OMT gene is also induced by salt stress in a salt-tolerant plant, the ice plant. 13) Although it is not clear what kind of a role OMT plays in causing the tolerance against salt stress, OMT is a key enzyme to produce a lot of kinds of O-methylated molecules which are crucial to determineˆnal products used for regulatory and functional purposes in the secondary metabolic pathway of plants, 31) and these results suggest that the OMT gene would be a good candidate component for an anti-salt stress system in plants.
Our result, that Sub23 mRNA is expressed speciˆcal-ly and constitutively in the roots of salt-tolerant barley, is interesting in investigate the molecular mechanisms of salt tolerance because the root is the organ of land plants mostly aŠected by salt stress, dehydration stress, and drought stress.
